ABSTRACT Broiler chickens were used to alter the partitioning of ME between maintenance and production. They were fed amounts of feed that ranged between ad libitum and 75 to 80% ad libitum each day from a BW of 1.1 to 2.2 kg. The experiment was done with 2 strains of broilers, both sexes, and 2 forms of feed (mash or pellets). Data were collected to determine live performance, digestibility of the feed, and carcass composition. The daily amount of feed did not affect the ME of the feed, but broilers fed limited amounts of feed gained less BW per day and had a larger feed:gain ratio. For most measurements, strain of broiler, sex, and form of feed also were significant factors. Because broilers that gained BW more slowly required more days to gain 1.1 kg and more feed during that time, a larger proportion of the energy was used for maintenance. The net energy theory proposes that heat increment, net energy for maintenance, and net energy for production are constants for a feed ingredient or feed. Results from the present research did not support the net energy theory. A different model was proposed that used ME as the basis for energy partitioning. Amounts of feed or energy per day had no effect on the ME content of the feed; however, amounts of energy consumed per day had dramatic effects on the proportion of the ME from each gram of feed that was used for maintenance, product, or heat increment. A model was developed that showed these effects and the feed:gain ratio over a wide range of daily energy intake.
INTRODUCTION
Components of the diet of an animal that supply energy account for approximately 95% of the DM. When animals are fed enough feed to meet maintenance needs, all the ME from the diet will be released as heat. To produce poultry meat, growing birds must eat enough feed to provide additional energy for the synthesis of body tissue.
The net energy system is usually used to illustrate the partitioning of energy into heat increment, net energy for maintenance, and net energy for production ( Figure 1A ). Armsby and colleagues developed this theoretical concept of energy partitioning and, through the use of the calorimeter he developed, assigned net energy values to several feed ingredients commonly fed to ruminant animals (Armsby and Fries, 1915; Swift, 1954) . The net energy theory was very important for providing a concept for measuring energy utilization by animals; however, the application of the concept to feed ingredients was not very successful and was eventually abandoned (Cowan, 1952) . One reason was the difficulty of obtaining research data. Only one animal was used at a time in the calorimeter, and operating the calorimeter required 2 technicians, 24 h a day, to record data, make adjustments to the instrument, and complete other tasks. A second problem was that the theory of the net energy system appeared to be seriously flawed. Instead of constant numbers for net energy for maintenance and net energy for production for a feed ingredient, these numbers varied with experimental conditions. The net energy theory was later applied to feed ingredients for cattle. To assign net energy values to feed ingredients for beef cattle, feeding trials and carcass analyses were used (Lofgreen and Garrett, 1968) . That research provided a value for net energy for maintenance and a different value for net energy for gain, or production, for each ingredient. To assign net energy values to feed ingredients for dairy cattle, indirect animal calorimetry played an important part (Moe et al., 1972) . The result was that feed ingredients were assigned a single energy value, labeled net energy for lactation.
The first widely recognized research to assign energy values to feed ingredients provided to poultry was called productive energy and was based on the net energy system (Fraps, 1946) . This research involved feeding chickens limited amounts of a feed ingredient and determining the energy stored in the carcass. It was also labor intensive and suffered from a lack of repeatability. When a reliable procedure to determine the ME of feed ingredients was found (Hill and Anderson, 1958) , the use of productive energy was abandoned.
Application of the net energy theory has usually been in terms of physiological functions, such as maintenance and production. Components of heat production are basal metabolism, voluntary activity, product formation, digestion and absorption, thermal regulation, heat of fermentation, and waste formation and excretion (NRC, 1981) . A component such as basal metabolism is included in maintenance; however, product formation is associated with production. Other components might contribute to both maintenance and production. Dietary fat appears to be used more efficiently than dietary carbohydrate for creating animal products, with improved efficiency being associated with less heat production and more deposition of the animal product.
Because much of the ME of a diet leaves the body of an animal in the form of heat, some recent research has examined the effect of proximate analysis fractions on the production of heat. The term "effective energy" was proposed to modify ME, based on calculations that heat increment is linearly related to 5 quantitative components (Emmans, 1994) . For simple-stomached animals, these were urinary nitrogen, fecal organic matter, and protein retention. Two additional components for ruminant animals were methane energy and lipid retention. For simple-stomached animals, the main alteration of ME was a decreased efficiency of utilization as CP content of an ingredient increased.
The objective of the present research was to test the hypothesis that the amount of energy eaten each day by chickens has an important effect on the partitioning of ME between maintenance and production. This was done by altering daily feed intake from free choice to approximately 80% of free choice. Based on the results of the experiment, a model was developed that showed the importance of daily energy intake on the fraction of energy that is incorporated into growth.
MATERIALS AND METHODS
This research was approved by the institutional animal care committee.
Broilers
Two strains of broilers and both sexes were used. One was Cobb 500, and the other was Hubbard High Yield. They were housed in floor pens that were side by side until they were randomized to the experimental treatments. All the birds were fed a nutritionally adequate starter diet made of corn, soybean meal, and soybean oil to provide energy and protein until fed the experimental diets. The calculated content was 3,200 kcal of ME/kg, 22% CP, and 1.2% lysine.
All broilers began the experiment when their BW was as close to 1.1 kg as possible. When the heaviest males of each strain approached 1.1 kg of BW, all the broilers were weighed and identified as individuals. The top 10% in rate of gain for males and females of each strain were removed, as were the bottom 10%. As the others reached 1.1 kg of BW, they were randomized to treatments. The 1.1 kg of BW was determined after an overnight fast, which resulted in a shrink of approximately 60 g. At the beginning of the next day, the broiler was weighed and transferred to a cage measuring 1,450 cm 2 in a room kept at a constant 24°C.
The grower diet fed during the experiment was nutritionally adequate (NRC, 1994) and was also made of corn, soybean meal, and soybean oil to provide 3,200 kcal of ME/kg, 20% CP, and 1.0% lysine. Half the A) The net energy system assumes that heat increment, net energy for maintenance, and net energy for production are constants for a particular feed ingredient and animal. B) The proposed ME system assumes that ME is a constant for a particular feed ingredient and animal; however, the relative amounts of energy used for maintenance, heat increment, and product change with changing daily energy intake.
broilers were fed mash from this diet, and half were fed pellets.
The goal of the experiment was to create a range of times to reach a final BW of 2.2 kg. This was done by feeding the first broiler to reach 1.1 kg free choice and then limiting the feed of 4 others. Preliminary research showed that the length of time for a broiler to gain 1.1 kg could be approximately doubled by limiting feed to approximately 75 to 80% of free choice; therefore, the targets for the 5 feed allotments were free choice and 95, 90, 85, and 80% of free choice. As the fastest growing strain of males reached 1.1 kg, each of 5 individuals was transferred to a cage and fed the correct amount of feed daily. One series of these males was fed mash, and another series was fed pellets. The amount of feed offered was calculated from the amount the male or female ate that had been fed free choice at a similar BW, based on the day the broiler began the experiment from 1.1 kg. Figure 2 shows the design and results for one series of broilers.
This procedure was followed for the selection of 20 broilers, 5 males and 5 females of the Cobb strain and 5 males and 5 females of the Hubbard strain. To determine body composition and energy content at a BW of 1.1 kg, one broiler from each series that reached 1.1 kg at the same time as the fastest growing broiler used in the series, one that reached 1.1 kg at the same time as the slowest growing broiler used in the series, and one that grew at an intermediate rate were killed and frozen. Three broilers from each strain and each sex were used for this purpose.
Data were collected from a digestion trial. After broilers were fed for 7 d, excreta were collected for 2 d on plastic suspended under each cage. The manure was dried in a room at 27°C, with fans to circulate the air. After grinding excreta through a screen with 2-mm holes, energy of the feed and excreta was determined by bomb calorimetry (Parr Instrument Co., Moline, IL). Metabolizable energy was determined by subtracting excreta energy from feed energy and dividing by the feed consumed.
A second replication of the experiment was completed at a later time by using feed from the first replicate that had been stored at −18°C. Everything was identical except the order of broilers and feed restriction imposed. In the first replicate, the broilers that reached 1.1 kg of BW first were fed free choice, and those that reached 1.1 kg later were fed less feed per day. In the second replicate, the fastest growing broiler was used to set the amount of feed for each of the others, but was not used in the calculations of the results; however, subsequent broilers were fed in the order of 80, 85, 90, and 95%. The sixth broiler to reach 1.1 kg was fed free choice, and it was used in calculations for the experiment. The reason for this change in procedure was to reduce the possibility that the faster growing broilers would introduce genetic bias if they were fed in the same order in both replicates.
Each of the experimental broilers was taken off the experiment, killed, and frozen as close to a BW of 2.2 kg as possible. Based on the rate of daily gain, the day when the broiler would reach approximately 2.28 kg was selected. An overnight fast reduced the BW by approximately 80 g. If it was decided the broiler would be closer to 2.2 kg with another day of feeding, the experiment was extended for 1 d.
Each whole broiler from the experiment was ground for carcass analysis. The whole broiler was cut into pieces small enough to fit into a meat grinder, ground through a plate with 12.7-mm holes, reground through a plate with 6.35-mm holes, and then finely chopped. Approximately 200 g of the final product was dried at 77°C. After the dried material was minced in a coffee grinder, a sample was extracted with petroleum ether for 16 h to determine fat. Some of the same sample was used to determine energy content by bomb calorimetry.
All data were adjusted to a standard of 1.1 kg of gain. For example, if the broiler gained 1.125 kg in 16 d, it averaged 70.3 g/d. To gain 1.1 kg at the same rate would have taken 15.6 d. Feed for the time to gain 1.1 kg was adjusted in the same way.
Metabolizable energy was allocated to maintenance or production. For each individual, the ME per gram was multiplied by grams of feed eaten per day to determine ME intake per day. The maintenance energy (Latshaw and Bishop, 2004) was calculated by using the following formula: energy balance (kcal/d per kg 0.75 ) = −188.2 + 7.398 (average % body fat) + 0.777 (ME/d per kg 0.75 ). Average body fat was determined as follows: (% body fat from the carcass analysis of the appropriate group at 1.1 kg of BW + % body fat of each individual when analyzed)/2. Daily energy for maintenance was calculated as ME per day per kilogram 0.75 × average kilogram 0.75 for the experiment, which was (initial weight + final weight)/2, then expressed as kilograms 0.75 . Energy available for production was (ME intake/d) − daily energy for maintenance. Daily carcass energy gain of each broiler was as follows: (kcal/g of carcass × final wt) − (kcal/g of carcass of the appropriate group at 1.1 kg × initial wt of each broiler)/d on the experiment. Heat increment per day was calculated as (ME intake/d) − (maintenance energy/d) − (carcass energy gain/d). In this research, heat increment was defined as heat from increased metabolism to make the product.
Energy partitioning was modeled by assuming that energy intake ranged from 151 to 550 kcal of ME per day per kilogram 0.75 . Percentage of body fat affects the energy needed for maintenance and the amount of energy included in the product. The formula for estimating body fat (Latshaw, 2008) was used, with 2 changes. For males, the coefficient was 3.398, and for females the coefficient was doubled. An average value of 5.097 was used. A second change affected the daily ME intake. The original equation used kilocalories of ME intake per day, but the present model expressed energy partitioning on the basis of kilograms 0.75 per day. Average numbers from the original research were 421 kcal of ME/d, with an average BW of 1.582 kg, or 266 kcal of ME/d per kg. Changing 1.582 kg to kilogram 0.75 resulted in 1.41. The energy intake was therefore 299 kcal of ME/kg 0.75 . A ratio of 1.122 resulted from 299/266. The coefficient for ME per day in the original equation was then changed by the factor of 1.122. The equation used in the present model was as follows: % body fat = 2.535 + 5.097 + 0.0135 kcal of ME/d per kilogram 0.75 . For the model, the energy needed for maintenance was calculated as mentioned earlier (Latshaw and Bishop, 2004) . Energy included in the product was estimated by using the formula from Latshaw and Bishop (2001) : product energy (kcal/g) = 1.097 + 0.080 (% of fat).
Results were compared statistically by using the GLM procedure (SAS Institute, 1996) . The main effects were the form of feed, sex, the strain of broiler, and kilocalories per day per kilogram 0.75 . A model was developed that related kilocalories of ME per day per kilograms 0.75 to maintenance, product, heat increment, and feed:gain. To fit the data, nonlinear regression procedures from PROC NLIN were used. Table 1 shows the range of values for parameters determined and calculated in this research. Neither sex nor form of feed affected the days needed to gain 1.1 kg, the grams of gain per day, the feed needed to gain 1.1 kg, or the feed:gain ratio ( Table 2) . Strain of chicken and feed per day had significant effects on the 4 parameters. The Cobb chickens needed fewer days to gain 1.1 kg, gained more per day, required less feed to gain 1.1 kg, and had a reduced feed:gain ratio.
RESULTS
Sex affected all the carcass parameters examined (Table 3) . Males had a greater percentage of water, had a decreased percentage of fat, had decreased carcass energy per gram, and retained less energy per day than females. Strain affected carcass fat and energy, with Hubbard broilers having greater values than Cobb broilers. Broilers fed pellets gained more carcass energy per day than those fed mash. The amount of energy provided per day affected carcass fat, carcass energy, and carcass energy retained per day. Table 4 shows the energy partitioning between maintenance and production, with production subdivided between the product and heat increment. For maintenance, sex, strain, and ME per day per kilogram 0.75 had significant effects. Reduced maintenance requirements for sex and strain were related to more body fat. The energy from each gram of feed that was stored as product was affected by sex, feed form, and ME per day per kilogram 0.75 . Males stored less of the energy from feed as product than females, and broilers fed pellets stored more of the energy from feed than those fed mash. Heat increment was affected by form of the diet and ME per day per kilogram 0.75 . Broilers fed pellets had a decreased heat increment compared with those fed mash. Strain, feed form, daily energy intake, and 2 interactions involving strain and feed form affected the feed:gain ratio. Cobb birds and pellets had lower ratios than their respective comparison groups.
A model was developed to show the effects of a range of daily energy intake on the partition of ME into maintenance, production, and feed:gain (Table 5 and Figure  3) . Energy intake in the simulation ranged from 151 (the estimated maintenance requirement) to 550 kcal of ME/d per kilogram 0.75 . The feed:gain ratio for 151 ME/d per kilogram 0.75 was omitted when deriving the equation. This was done because of the difficulty of fitting the data when gain approached 0.
Constants are calculated from the data in Table 5 and are presented in Table 6 . The use of these con- 1 The numbers show how the partition of feed ME into maintenance and production is affected by daily energy intake. Partitioning of ME and the resulting feed:gain ratio as affected by daily energy intake. Numbers are plotted from the simulated model in Table 5 . . . = Feed (at 3.26 kcal of ME/g) needed to supply the energy ranged from 46.3 to 168.7 g. As daily ME intake increased, the proportion of each gram of feed needed for maintenance decreased, but the proportions of each gram of feed that were converted to product or released as heat increment increased. The proportion of energy from a gram of feed that was released as heat, a total of maintenance and heat increment, decreased as daily energy increased. The result was a feed:gain ratio that decreased with increasing energy intake.
DISCUSSION
This research highlights the importance of time in the way a broiler chicken partitions ME into maintenance or production. In this research, the amount of feed per day had no effect on the digestibility or metabolizability of the feed. Effects were due to changes in the length of time needed to achieve an increase in weight of 1.1 kg. As expected, if broilers took longer to reach that weight, they ate more feed in that time, with more of the energy in a gram of feed used for maintenance.
Maintenance for this research was based on a formula (Latshaw and Bishop, 2004 ) that predicted a greater maintenance requirement per kilogram 0.75 when broilers ate less energy per day and were leaner. The number that was used for maintenance was similar to the number found in other research with broilers at a similar temperature (Sakomura et al., 2005) . Other researchers noted that maintenance appeared to be greater when chickens were leaner, but explained it on the basis of increased activity (Boekholt et al., 1994) .
When indirect calorimetry is used to measure energy partitioning, heat from maintenance and heat increment are estimated through gaseous exchange unless animals receive only enough feed to meet the maintenance requirement. Gaseous exchange results from oxidation of feed to produce adenosine triphosphate. For the production of adenosine triphosphate, biological processes such as glycolysis, β-oxidation, Krebs cycle, and oxidative phosphorylation are needed.
In the present research, the energy deposited in the broiler as product was measured. The other component of production, as defined in this research, was heat increment. It was calculated as the remainder of the energy per gram of feed that was not accounted for as maintenance or product. From Table 4 , the average values for product and heat increment were 1.03 and 0.68 kcal/g of feed, respectively. Product was approximately 60% of production and heat increment was approximately 40% of production. These proportions were used when calculating values for Table 5 and Figure 3 . Some research has reported that the efficiency of fat deposition is greater than the efficiency of protein deposition (Boekholt et al., 1994; Sakomura et al., 2005) , so the assumption of a constant relationship between the product and heat increment should be examined in more detail.
The net energy system is based on the theory that heat increment, net energy for maintenance, and net energy for production are constant values per weight of each feed ingredient. However, the loss between ME and net energy, originally labeled heat increment, is not constant (Emmans, 1994) . Values determined for maintenance and production per unit of feed also vary with the level of energy intake (Boekholt et al., 1994 ; Figure 3 ).
Because the net energy theory does not fit the data in Figure 3 , a different model is proposed. The model depicted in Figure 1B removes the net energy theory from energy partitioning in food animals. Metabolizable energy is fairly constant over a wide range of energy intake and is easy to determine. For this model, the familiar terms of heat increment, maintenance, and production have been listed as subdivisions of ME. It was assumed that all ME could be used interchangeably for maintenance, heat increment, or production, with no difference in efficiency of use. Metabolizable energy must be used to meet maintenance requirements before energy is available for production. The ME of a unit of feed remains fairly constant even when daily energy intake changes over a wide range; however, the proportions of a weight of feed that are designated as maintenance, product, and heat increment can vary considerably as daily energy intake changes.
The proposed model should have broad application when data are based on experiments that compare equal BW gains rather than equal times of the experiment. Geneticists have selected broilers for many years to grow faster and have a reduced feed:gain ratio (Havenstein et al., 2003) . The model suggests that one explanation for this is a selection for more daily energy intake. In the present research, one strain of broilers also digested feed more completely and had less body fat than the other. These effects can be tested with the model proposed.
The model provides an explanation for the effects of nutrient deficiencies. A universal effect of a nutrient deficiency is a loss of appetite. Less energy intake per day results in less product per day and an increased feed:gain ratio. The exception to this general rule may occur when an amino acid is only slightly deficient.
Another area in which the model may be useful is to establish a value for pelleting feeds (McKinney and Teeter, 2004) or other factors that affect palatability and daily energy intake. Pelleting generally does not increase the digestibility or ME per gram, as compared with mash; however, the performance of animals is often increased. Some of the effect has been attributed to the amount of physical activity required to eat pellets or mash (Skinner-Noble et al., 2005) . Another observation is that chickens eat more feed, sometimes dramatically more, as pellets than as mash. The proposed model could help quantify the value of the observed effects. If animals eat more energy per day, they will have an improved feed:gain ratio. The value of the feed saved by a reduced feed:gain ratio is the value of pelleting or other factor that promotes energy intake.
